Background
Introduction
Encephalitis is a neurological emergency, which presents as headache, cognitive and behavioural disturbance, sometimes with focal neurological signs; many cases progress to seizures, coma and death [1] . The most common aetiologies are infectious, typically viruses, or immune-mediated processes, which are often associated with specific antibodies [2, 3] . Whilst there may be overlap in the clinical presentations of these different aetiologies, early distinction is critical, as specific antiviral or immunosuppressive treatment is required depending on the cause [1, 4] . Moreover, delays in starting this specific treatment are associated with increased morbidity and mortality [5] [6] [7] [8] . For example, in the most common sporadic viral encephalitis, that due to herpes simplex virus (HSV), 70% of patients die without treatment, and this is reduced to 10-30% with early aciclovir [6, 9] . Despite the increasing recognition of immunemediated causes of encephalitis, the aetiology of encephalitis remains unknown in 15-60% in most studies [10] .
There is mounting evidence that the host inflammatory response, driven by cytokines, chemokines and associated mediators, may play a pivotal role in the pathogenesis of encephalitis [11] [12] [13] [14] , and that some may represent biomarkers of subtypes of disease within a given aetiology [15, 16] . Indeed mediator profiles have been found to differ between aetiologies in other diseases of central nervous system (CNS) inflammation [17, 18] . However, whether these profiles differ between infectious and immune-mediated encephalitis has not been established [19] .
Earlier work has demonstrated the importance of considering the significance of any identified mediators in the pathogenesis of disease in the context of leucocyte subsets within the CNS [20] . The early influx of neutrophils and subsequent necrosis recognised in HSV encephalitis is not reported in immune-mediated cases, suggesting that there may be some significant differences, perhaps for mediators associated with neutrophil chemotaxis or degranulation, such as myeloperoxidase (MPO) [21, 22] . An improved understanding of the pathophysiology of inflammation in encephalitis may have implications for optimising diagnostic tests and guiding the use of adjunctive immune-modulatory therapies, such as those used in other neurological inflammatory diseases [23, 24] .
Therefore, we conducted a study to examine the mediator profiles in the cerebrospinal fluid (CSF) and serum of patients with acute encephalitis to address two questions. Firstly, does the mediator profile differ between those of infectious and immune-mediated aetiologies; and secondly might characteristic mediator profiles suggest whether those of unknown aetiology are more likely to be infectious or immune-mediated.
Materials and Methods

Patients
We analysed samples available from adult patients in a previous prospective clinical and diagnostic study-the Health Protection Agency (now Public Health England) Aetiological Study of Encephalitis in England; this recruited 203 patients from 24 centres which each recruited over 2 years (2005) (2006) (2007) (2008) ; methods have been described in detail [2] . In brief, the case definition included any person, of any age admitted to hospital with encephalopathy (altered consciousness that persisted for >24 hours, including lethargy, irritability, or a change in personality and behaviour) and with 2 of: fever or history of fever (38°C); seizures and/or focal neurological findings (with evidence of brain parenchyma involvement); CSF pleocytosis (>4cells/μL); and electroencephalographic findings or neuroimaging suggestive of encephalitis. All patients underwent an extensive panel of routine clinical and additional CSF testing for RNA, DNA and antibodies to establish the aetiology. The investigations were guided by immune status, travel history and, when no aetiology was established, further second-line testing as directed by an expert panel review (Tables 1 and 2 ). Patients were catagorised into aetiological groups as 'Infectious' if a causal pathogen was identified, as 'Immune-mediated' if a causal antibody was identified or they met the study definition for demyelinating illness, including acute disseminated encephalomyelitis (ADEM), and as 'Unknown' if they did not meet either of these groups. Serum and CSF samples from patients in the cohort were used for this study if, after all the diagnostic tests had been completed and an archived aliquot stored, >50υL was available for testing. 
Measurement of mediators
Serum and CSF samples were collected at recruitment and stored at -80°C. Thirty mediators (cytokines, chemokines and associated mediators) were assessed using cytometric bead array (Procarta Affymetrix Italy). A further panel for eight matrix metalloproteinases was performed using the same technique where additional volumes were available. Mediators were identified from previous literature and chosen to reflect, in part:
• Leucocyte proliferation and differentiation (granulocyte-colony stimulating factor [G-CSF], granulocyte-macrophage-colony stimulating factor [GM-CSF], granzyme B, myeloperoxidase, leptin and eSelectin);
• Fluorescence intensity was determined using a Bio-Rad platform (BioPlex Manager 4.1, BioRad, UK). Standards and samples were analysed in duplicate and mean value used. Standard curves were adjusted at the points of fluorescence intensity saturation, generating a sigmoid curve with 6-8 fluorescence points, as described [17] . To avoid undetectable levels or missing data bias, only mediators detected in >80% were included in analyses, as described [11] . 
Statistics
Freeze/thaw cycles were minimised, typically to 2-3, in the central laboratory. Nevertheless, to minimise any potential impact of any possible variation in sample storage, concentrations were median-centred and normalised for each patient, using established methodology [11, 17] . Therefore, the concentration of each mediator was expressed and analysed as a value relative to the median concentration of all of the mediators in that patient sample [11, 17] . These mediancentered concentrations of each mediator were compared for statistically significant differences between the aetiological groups rather than comparing against normative data, as it was the power of mediators to distinguish between the causes of encephalitis that was the focus of this paper. Overall mediator data for all aetiologies underwent a one-way hierarchical cluster analysis. Then mediator data from each aetiological group underwent nearest neighbour analysis, using Pearson's correlation coefficient, to generate proximity matrices (representing the strength of correlation between mediators)(SPSS 2011); from these, heat-maps were generated (SigmaPlot, Systat Software,USA), as described [17, 25] . This generates a visual representation of the interaction of all mediators with each other in each aetiological group.
The Mann-Whitney U test was used for categorical variables and Kendall's rank for continuous variables (SPSS 2011).
Step-wise discriminant function analysis was used to develop a multivariate model, which underwent a leave-one-out cross-validation to protect against type 1 error; the power of each mediator is expressed using Wilk's Lambda coefficient, from perfect discriminatory power (0.0) to none (1.0). This assisted by generating a model based not just on absolute concentrations of selected mediator(s), but also with a numerical weighting applied to selected mediator(s). This was generated using data from the majority of patients and tested on a random subset in a split-reliability analysis. Significance was defined as p<0.05.
Results
Patient cohort
A total of 95 patients were identified, 78 of whom had serum samples of sufficient volume available; these comprised 38 with an infectious aetiology (17 HSV, 7 varicella 
Comparison between intrathecal and vascular compartments
The following mediators were not identified in >80% of the cohort and were therefore removed from further analysis: TNFR1 and 2, eSelectin, CXCL9, IL-17α, and VEGFα.
The mediators that tended to be found at higher concentrations in either the CSF or the serum were similar across all the aetiological groups (Fig 1) . Significantly higher relative concentrations of several mediators, including IL-1α, IL-1β, IL-10, and CCL-2, were seen in the CSF than the serum for all aetiological groups. Also, for the infectious and unknown groups, higher concentrations of IL-4 and leptin occurred in the CSF than the serum. 
Univariate analysis of mediator profiles for different aetiological groups
Univariate analysis of mediator concentrations showed many similarities but also several differences between the aetiological groups (Tables 3 and 4 ). The predominant differences were between the infectious and immune-mediated groups and also between the unknown and the immune-mediated group. No significant differences were found between the infectious and unknown groups in either the CSF or the serum.
In particular, higher concentrations of MPO were identified in both the serum and CSF of patients with infectious than immune-mediated aetiologies (p = 0.01 and p = 0.006 respectively) (Figs 2 and 3) . Interestingly, the serum MPO concentration was also higher in those with unknown aetiology than immune-mediated disease (p = 0.03). In addition, median CSF concentrations for several of the mediators were similar for the infectious and unknown groups, but differed for the immune-mediated group: specifically, higher median concentrations of IL-8 were seen in both infectious and unknown cases as opposed to those that were immune-mediated; in contrast higher median concentrations of IL-4 were found in those with immune-mediated disease than either of the other groups. To assess whether the predominant infectious aetiology, which was the HSV group, had a similar mediator pattern to that seen in the rest of the infectious group the two were compared (Table 5 ). There were no statistically significant differences for any of the mediators assessed in CSF between those with HSV and the rest of the group with an infectious aetiology. In serum there were also no significant differences between the two groups other than for IL-1α and ICAM. However, IL-1α did not differ significantly different between infectious and other aetiological groups overall, although ICAM approached significance.
Heatmaps of mediator profiles for different aetiological groups
Hierarchical cluster analysis of mediators from all patients identified two broad clusters of mediators, which were used in the heat-maps. The first cluster of serum mediators contained IL-1α, IL-1β and IL-10, in addition to other mediators; in CSF these same mediators were clustered together with the addition of IL-1RA. The second cluster in serum contained several mediators including IFNα, IFNβ, IFNγ and IFNo; these same mediators clustered together in CSF. Heat-maps derived from serum mediator concentrations showed strong positive correlations between mediators in the first cluster and strong negative correlation in between mediators in the second cluster in all aetiological groups and this did not appear to be substantially different between groups (Fig 4) . However, heat-maps derived from CSF mediator concentrations appeared to demonstrate strong positive correlations between the first cluster of mediators in the infectious group that was not present in those with immune-mediated aetiology. To assess whether the mediator heat-map from the unknown group better reflected the infectious or immune-mediated group these were compared. The heat-maps of CSF mediators appeared to be similar for the infectious and unknown groups and both appeared substantially different from those with an immune-mediated aetiology.
Discriminant function analysis of mediator profiles for different aetiological groups
To see which specific mediators might be used to distinguish between aetiological groups we used discriminant function analysis for pairwise comparisons of the groups. For discriminant function analysis of serum data this generated a model that used serum MPO alone to distinguish 31 (89%) of 35 samples as infective and five (31%) of 16 as immune-mediated (Wilks' lambda 0.83, p = 0.008). This technique also generated a model using serum MPO alone to distinguish 17 (85%) of 20 samples of unknown aetiology and six (38%) of 16 immune-mediated samples (0.78, p = 0.009); both were confirmed on the leave-one-out cross validation. No serum variables qualified as distinguishing samples of infective versus unknown aetiology. A serum MPO concentration cut-off of >0.8pg/mL correctly identified 27 (77%) infective, 17 (85%) as unknown, and 8 (50%) immune-mediated cases; to assess the usefulness of this cut off value for Cytokine Profiles in Encephalitis of Infectious, Immune-Mediated, and Unknown Cause MPO this was then applied to samples from 7 patients (3 infective and 4 immune-mediated) that had not been included in the initial analysis. In this split-reliability analysis all three cases were identified as infective but none of the four were identified as immune-mediated. Discriminant function analysis of CSF data generated a model which again used MPO alone to correctly classify 11 (85%) of 13 cases as infective and four (67%) of six cases as immunemediated (0.77, p = 0.036); this was confirmed on the leave-one-out cross validation. A CSF MPO concentration cut-off of 1.0pg/mL correctly classified nine (69%) infective cases and four (67%) immune-mediated cases. The proportion of cases correctly classified was the same when applied to the raw data using a cut-off of 1000pg/mL. To assess the usefulness of this cut off value we assessed this in 9 patients (6 infective and 3 immune mediated) not included in the original analysis. In this split-reliability analysis three of six and one of three cases were classified as infective or immune-mediated respectively.
As MPO is released during degranulation of neutrophils, we assessed whether these findings may reflect the relative neutrophil concentration between the different aetiological groups. Eight (62%) of the infective group had detectable neutrophils in the CSF, as opposed to only (Fig 5) . In the split reliability analysis neutrophils were detectable in the CSF for three of five infective samples and none of two immunemediated samples, for whom data were available. There were no significant differences in the proportion of CSF samples with a detectable neutrophil count between the other aetiological groups. There was no significant correlation between either the CSF or the serum 
Discussion
This study has shown that the cytokine and associated mediator profiles in UK patients with infectious encephalitis differ from those with immune-mediated aetiologies, particularly in the CSF. For patients with unknown aetiology patterns in CSF most closely resembled infectious cases, suggesting they may have undiagnosed infection. MPO was the mediator of greatest significance, with higher concentrations in patients with infection, and CSF MPO concentration was strongly correlated with CSF neutrophil count. There are an estimated 0.07-12.6 cases of encephalitis per 100,000/year [1, 2, 10, 26] . The most common cause is infection and immune-mediated cases are being recognised increasingly [2, 27] . However, the aetiology remains unknown in 15-60% of cases, despite comprehensive investigation [2, 10, 28] . There is mounting evidence that the host inflammatory process may play an important role in the pathogenesis whatever the underlying aetiology [11] [12] [13] [14] [15] [16] . These mediators modulate both the innate and adaptive responses and regulate leucocyte infiltration [29, 30] . However, little is known about how the responses compare between encephalitis of different causes. Because at low levels neutrophils are just recorded as present or absent, and at higher levels actual counts are given we looked at CSF MPO concentrations using both these parameters. CSF neutrophil counts were given for 11 patients.
doi:10.1371/journal.pone.0146288.g005
Cytokine Profiles in Encephalitis of Infectious, Immune-Mediated, and Unknown Cause Therefore, we analysed CSF and serum samples from 95 patients with encephalitis recruited prospectively in the HPA Encephalitis Study [2] . We found that there were many similarities across the aetiological groups. Particularly, mediators that were identified at higher concentrations in the CSF than in the serum were similar between all aetiological groups; also those present at higher concentrations in the serum were similar across all aetiological groups. In line with a previous study of viral encephalitis we found higher relative levels of CCL-2 and IL-6 in the CSF than serum and higher levels of CCL-5 in serum; in our study this was also found in those with immune-mediated and unknown aetiologies [11] . However, several differences between mediators, particularly in the CSF, were identified for the different aetiological groups. Cluster analysis identified a group of mediators containing IL-1α, IL-1β, IL-1RA and IL-10, which are all strongly associated with inflammation, whatever the cause [31] . CSF heat-maps demonstrated that the pattern of mediator response for those with encephalitis of unknown cause was similar to that for infectious rather than immune-mediated causes, suggesting they may actually have infectious encephalitis, but the causative agent has not been identified.
Discriminant analysis of both CSF and serum identified MPO as the mediator that most strongly discriminated cases of an infective or unknown aetiology from immune-mediated cases. CSF concentrations of MPO correlated with CSF neutrophil count, suggesting that CSF neutrophils may be the primary source of MPO identified. A higher percentage of patients had detectable neutrophils in the CSF in the infectious as opposed to immune-mediated group, although this was not as strong an association as the MPO concentration, perhaps suggesting that the MPO in the CSF may also reflect neutrophil extracellular traps [32] ; these are networks of extracellular fibres produced by neutrophils, made up of DNA, MPO, and other proteins, that bind microorganisms. Or the MPO detected may in part reflect neutrophils that were previously present in CSF and have migrated into the brain parenchyma or back into serum.
Neutrophils are known to be an important part of the host response early in viral encephalitis, before lymphocytes predominate; in bacterial central nervous system infections the neutrophil counts predominate, and are typically much higher. Interestingly, neutrophils have been identified recently in murine models of HSV encephalitis, and may be important for reducing viral load, albeit whilst also being associated with the production of, potentially neurotoxic, reactive oxygen species [33] [34] [35] . Histopathological descriptions of clinical HSV encephalitis have reported a predominance of neutrophils in the first 2-3 days [22] . Although after 10-15 days macrophages and lymphocytes are the predominant populations, the progressive necrosis leads to further neutrophil infiltration, which would be supported by our findings [22] . Histopathological data for immune-mediated encephalitis are limited, but small series describe either no leucocyte infiltration or scanty lymphocytes without neutrophils, and in a subset cytotoxic T lymphocytes may predominate [16, [36] [37] [38] . Similar observations have been made in rodent models [37] .
Our study suggests that MPO in the CSF could be explored as a biomarker for a potential infectious aetiology in patients with encephalitis. Also serum MPO was also associated with an infective aetiology so may represent a potential biomarker and both require validation in prospective studies. For example interesting developments have been made in point-of-care tests for protein biomarkers, such as the lateral flow assays developed for CSF lactate to distinguish bacterial from viral meningitis [39] . In addition to MPO significant differences were found in serum for two other mediators between the groups. Interestingly TNFα was identified at higher concentrations in the immune-mediated than infectious group. Although TNFα has a broad spectrum of activity, this finding may perhaps reflect the key role it has in promoting the proliferation and differentiation of B cells, which is a pivotal process in the development of autoantibodies [40] [41] [42] [43] . ICAM also approached significance, being present at greater concentration in the infectious than immune-mediated group, potentially as a corollary of greater blood-brain barrier permeability as would be expected given the greater pleocytosis that is typically seen in infectious cases [1, [44] [45] [46] .
In CSF there were many more differences in the concentrations of mediators between the aetiological groups. Specifically, higher concentrations of IL-8 were identified in both the infectious and unknown group as opposed to immune-mediated cases, which would be consistent with the key finding of the role of neutrophils in our study, given the important role of IL-8 in neutrophil activation [47] [48] [49] . In addition, greater concentrations of IL-1RA, IL-4, IL-10 and IL-1β were found in the immune-mediated group. That both anti-inflammatory (IL-1RA, IL-4 and IL-10) and pro-inflammatory (IL-1β) mediators were elevated in the same aetiological group support the complex regulatory interaction between these mediators and the importance of assessing the broad cytokine/chemokine milieu [11] .
Interestingly no significant differences were found in the concentration of any of the mediators between the infectious and unknown groups in either the serum or the CSF. Only one other study has assessed profiles between encephalitis aetiologies and identified a higher concentration of IFNγ and TNFR1 in 13 patients with HSV than 15 with 'non-herpetic limbic encephalitis' [12] . We did not identify any difference in the relative concentration of interferons between infectious cases and those of a proven immune-mediated aetiology; although it is unclear how this relates to the heterogeneous group of 'non-herpetic limbic encephalitis' in the earlier study. That the interferon response, which has been associated with a greater risk of developing HSV encephalitis, was not found to be significant in our study is a potentially interesting negative, although it may be a consequence of the number of CSF samples available or the pooling of infectious aetiologies [40, 50] . Also some mediators, which have been identified in previous studies, such as VEGFα, were not detected in significant concentrations in the majority of patients in this study [51] . Although this may be because previous studies have focused on pathogens associated with a viraemia and marked blood-brain barrier damage, rather than primary neurotropic infection, as is seen in HSV, which was the majority of infectious cases in our study [14, 51] .
Pooling the patients with different infectious aetiologies together, allowed analysis of factors which were common between them, and which distinguished them from immune-mediated encephalitis. It also allowed a comparison with those whose aetiology was unknown., This analysis makes the assumption that the pathology is similar in infectious cases. Whilst most is known about HSV infection, which is associated with necrosis, neutrophil invasion, haemorrhagic change and secondary autoimmunity in some, fewer histopathological data are available for other aetiologies [22, 52, 53] . Indeed focusing on a single infectious cause would have reduced the numbers of patients, and may have led to us overlooking similarities with those whose aetiology was unknown. To try to address whether grouping the infectious samples together, when the majority were due to HSV, had resulted in skewing the results of the infectious group, we looked for differences between the HSV and the other infectious aetiologies. We found that the concentration of all the mediators assessed in CSF was similar between the both the HSV and other infectious aetiologies. In serum IL-1α was present at higher concentrations in those with HSV than other infectious aetiologies but IL-1α did not differ significantly between the infectious group overall and the other aetiologies. Also in serum, ICAM was identified at lower concentrations in the HSV group than the other infectious aetiologies. This may be of importance as ICAM was found at a higher concentration in the infectious group overall than the immune-mediated group and this approached statistical significance. However, for the majority of mediators in serum and all the mediators in the CSF there were no significance differences between HSV and the rest of those of an infectious aetiology. This suggests that, although there are may be histopathological differences between the various infectious cases of encephalitis, there may be some similarities that support grouping the serum, and particularly CSF, host inflammatory response to maximise numbers when making comparisons with primarily immune-mediated cases. Although, this finding may reflect the relatively smaller numbers of samples available for this sub-group analysis and further studies are needed to assess the relative differences between specific pathogens in larger cohorts.
Although the patients for whom no aetiology could be identified had a mediator profile suggestive of infection, they had all undergone an extensive work up for infectious causes, through the HPA study [2, 54] . There could be a number of explanations for failure to identify a pathogen. As most diagnoses are now based on CSF PCR for known causes, it may be that the pathogen was not present in CSF during the sampling time window, or that the specific pathogen was not looked for. In this cohort a subsequent analysis reported that there was no significant difference in the time from admission to first LP between those of known and unknown aetiology and also there was no difference between the time to first positive CSF or to first LP between these groups [54] . However, this did highlight that CSF samples tested for antibody were more likely to be positive if taken on days 14-28 as opposed to <6days. Indeed, previous studies have reported that the proportion of CSF positive by PCR is greatest early in admission, particularly after antiviral treatment [55, 56] . Therefore, there may be a critical window for CSF testing dependent on both the pathogen and the laboratory investigation. Although, pathogen discovery approaches have identified novel causes of viral encephalitis [28] , A subset of CSF from the HPA study have previously undergone one method of next-generation sequencing and this did not identify any novel pathogen nucleic acid [54] . It may be that the mediator profile could assist in identifying samples that may be more likely to have an infectious cause to undergo pathogen discovery. Alternatively the cause may reflect a para-or post-infectious inflammatory response provoked by peripheral infection, such as with influenza H1N1 [57] .
In summary, whilst there were many similarities identified, the cytokine and chemokine profiles in the CSF of patients with encephalitis of an infectious aetiology differed from those with an immune-mediated aetiology; those in whom no cause could be identified best reflected those of an infectious aetiology. MPO may represent a potential biomarker to distinguish encephalitis due to infection versus immune-mediated causes, which may in part relate to neutrophils in the CSF.
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